Summary Glucose-induced sorbitol accumulation and attendant alterations in cellular myo-inositol and phosphoinositide metabolism have been invoked in the pathogenesis of diabetic complications; however, direct effects of sorbitol on membrane phospholipid composition or metabolism have never been evaluated. Phospholipase D catalyses the transphosphatidylation of ethanol into phosphatidylcholine to yield phosphatidylethanol, an "abnormal" phospholipid whose content in rat brain is increased by chronic ethanol ingestion. Analogous transphosphatidylation of sorbitol or other polyols whose concentration is elevated in diabetes was explored in vitro and in glucose-exposed cultured human retinal pigment epithelial cells. Phosphatidylcholine and varying concentrations of sorbitol, galactitol, mannitol and glucose were incubated with peanut phospholipase D in sodium acetate buffer for varying time periods. Thin layer chromatography revealed new phospholipid bands whose hydrolysis by phospholipase D liberated a water-soluble compound that cochromatographed with sorbitol on gas-liquid chromatography, and whose concentration increased in a time-and concentration-dependent fashion. Identical transphosphatidylation activity was demonstrated in a rat brain synaptosomal fraction. Phospholipase D hydrolysis of lipids from human retinal pigment epithelial cells constitutively overexpressing the aldose reductase gene yielded a sorbitol-like compound whose appearance was increased by glucose exposure and was decreased by an aldose reduc tase inhibitor. Thus, glucose-induced aldose reductase inhibitor sensitive sorbitol accumulation might induce the formation of "phosphatidylsorbitol" through a transphosphatidyl mechanism that may contribute to altered membrane phospholipid metabolism in diabetes. [Diabetologia (1994[Diabetologia ( ) 57: 1147
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Increased metabolic flux through the polyol (sorbitol) pathway in diabetes is initiated by the concentration-dependent conversion of glucose to sorbitol by the high Km, rate-limiting enzyme aldose reductase [alditol: NADP + 1-oxidoreductase (EC 1.1.1.21)], which is followed by the subsequent conversion of sorbitol to fructose by the low K m enzyme sorbitol dehydrogenase [L-iditol: NAD + 5-oxidoreductase NADH oxo-reductase (EC 1.1.1.14)] [1] . In selected tissues in which glucose entry is not rate-limiting for its overall metabolism, polyol pathway activation by glucose is associated with depletion of myo-inositol from one or more of its intracellular metabolic pools, which may or may not be associated with a detectable decrease in overall cellular rnyo-inositol content [2] [3] [4] [5] . Polyol pathway-induced rnyo-inositol depletion has been associated with alterations in phosphatidylinositol biosynthesis, phosphoinositide turnover, diacylglycerol content and phosphoinositide-mediated signal transduction [2] [3] [4] [6] [7] [8] , but it is supposed that the effects of polyol pathway activation on membrane phospholipid metabolism may not all be attributable to depletion of intracellular myo-inositol [5, [9] [10] [11] , suggesting that other metabolic linkages should be sought. Phospholipase D (PL-D) activity can incorporate several hydrophilic aliphatic alcohols into their corresponding phosphodiglycerides by transphosphatidylation [12] . Phosphatidylethanol is an acidic phospholipid that accumulates in kidney, brain, and other organs of chronically ethanol-intoxicated rats [13, 14] , and in a rat brain synaptosomal fraction incubated with ethanol [15] . The accumulation of phosphatidylethanol has been invoked as a possible mediator of adverse effects of ethanol ingestion including fetal alcohol syndrome [16] . The present study was undertaken to ascertain whether sorbitol undergoes similar transphosphatidylation by plant or mammalian PL-D, and whether phosphatidylsorbitol was detectable in human cells exhibiting brisk sorbitol accumulation and altered membrane function when exposed to an elevated concentration of glucose in vitro or in vivo [4, 8, [17] [18] [19] [20] .
Materials and methods
In vitro incorporation of polyols into phospholipid. Peanut PL-D (0.25 rag) was dissolved in 1 ml of 0.1 tool/1 sodium acetate plus 0.1 tool/1 calcium chloride (pH 5.6), to which 2.5 mg of egg phosphatidylcholine in 0.5 ml of water-saturated diethylether was added. This mixture was incubated with 0-3.0 mol/l sorbitol, 0.15 tool/1 galactitol, 0.5 tool/1 mannitol, or 1.5 tool/1 glucose at room temperature for 0-4 h with vigorous mixing every 30 rain. At the end of the incubation, ether was removed by evaporation under a stream of nitrogen and the reaction terminated with the addition of 3,75 ml of chloroformmethanol (1:2, volume/volume). An additional 1.25 ml of chloroform and 1.25 ml of water were added and the phases allowed to separate. The chloroform phase was washed three times with 4.75 ml of preequilibrated upper phase (upper phase of chloroform-methanol-water, 10 : 10 : 9), evaporated to dryness under a stream of nitrogen and reconstituted in 0.5 ml of chloroform. In selected studies, 0.25 ml out of 0.5 ml of this crude unfractionated lipid extract ("-column") was directly subjected to thin layer chromatography as described below. The remaining extracts from ten incubations were pooled, evaporated to dryness under nitrogen and the residue was dissolved in 200 ~1 of chloroform. The combined extract was applied to a 1.5 g sialic acid column equilibrated with chloroform and eluted with 10 ml each of chloroform-methanol mixtures of 97 : 3, 47 : 3, 22 : 3, 4 : 1, and 2 : 1. Phospholipids containing polyols were present in the chloroform-methanol 4 : 1 and 2 : 1 eluates. These eluatcs were pooled, cvaporated to dryness under nitrogen, and dissolved in chloroform. These column-purified samples ("+ column") and authentic standards of phosphatidic acid and phosphatidylcholine were applied to the origin of oxalated 20 cm x 20 cm, 250-btm thick, silica gel 60 plates, developed in a solvent system containing chloroform-methanol-acetic acid-water (25 : 15 : 4 : 2) and visualized by iodine vapor or heating with cupric acetate spray.
Identification of lipid-bound sorbitoL The chromatographed lipids were scraped, extracted three times with 2,0ml of chloroform-methanol (2: 1), pooled, evaporated to dryness under nitrogen, reconstituted in 0.5 ml of water-saturated diethylether, and hydrolysed by incubation with 0.25 mg of peanut PL-D in 0.1 mol/1 sodium acetate plus 0.1 tool/1 calcium chloride (pH 5.6) at room temperature for 4 h with vigorous mixing every 30 min. The liberated water-soluble compounds were converted to their trimethylsilyl ethers or aldonitrile acetate derivatives and analysed by megabore or capillary gas-liquid chromatography, as previously described [17, 21, 22] .
Production of lipid-bound sorbitol by rat brain synaptosomes.
Rat brain synaptosomes were prepared by discontinuous density gradient centrifugation of rat forebrain homogenates according to the method of Cotman and Matthews [23]. 1-Palmitoyl-2-[14C]oleoyl-sn-glycero-3-phosphocholine (2.5 mmol/1, 1.67 Ci/mol) dissolved in 0.5 ml of water-saturated diethylether and 800 btg of membrane protein were incubated with 1 ml of 0.1 mol/1 sodium acetate, 0.1 mol/1 calcium chloride and 3.0mol/1 sorbitol (pH 5.6) at room temperature for 90 rain. Lipids were extracted with chloroform-methanol, separated by thin layer chromatography as described above and located autoradiographically.
Detection of lipid-bound sorbitol in glucose-exposed human retinal pigment epithelial cells (RPE). Primary lines of RPE
cells were established and maintained by a modification of the method of Del Monte and Maumenee [24] as recently described in detail [17] . One cell line, RPE 91, was selected because of its enhanced metabolic sensitivity to glucose associated with its constitutive over-expression of the aldose reductase gene [25] . RPE 91 cells were replated at an initial density of 10,000 cells/cm 2 in 10-cm dishes in Minimum Essential Medium with 2.0mmoI/l L-glutamine (MEM) containing 20% calf serum (CS) and 5 mmol/1 glucose for 24 h and equilibrated in MEM-5 % CS-5 mmol/1 glucose for 72 h before switching to experimental conditions consisting of MEM-5% CS containing 5 or 20 mmol/1 glucose with or without the aldose reductase inhibitor sorbinil (10 gmol/1 (Pfizer Central Research, Groton, Conn., USA). Medium was routinely changed every 2 days before and during the 7-day experimental period, at the end of which the medium was aspirated and cells were scraped with 2 ml of methanol. Lipids were extracted with 4 ml of chloroform at room temperature for 15 min after which phase separation was accomplished by addition of 1.2 ml of 1.0 N HC1 followed by vortexing and centrifugation for 10 min at 1000 • g. The lower phase was washed three times with 2.6 ml of chloroformmethanol-0.1 N HCI (3 : 48 : 47), evaporated under nitrogen and reconstituted into 0.5 ml of chloroform. The extracts from eight incubations were pooled, applied to the silicie acid column and fractionated as above. The samples and a "standard" consisting of the presumed transphosphatidylation product of sorbitol and phosphatidylcholine as described above were applied to pre-oxalated 20 cm x 20 cm, 250 ~tm, silica gel H plates and developed twice in a solvent system containing chloroform-methanol-28 % NH 3 (65 : 25 : 5). The silica gel bands corresponding to the "standard" were scraped along with bands corresponding to phosphatidylcholine, phosphatidic acid and an area devoid of bands and lipids were re-extracted and hydrolysed as described above. The liberated water-soluble compounds were analysed by gas-liquid chromatography, In another experiment, RPE 91 cells were exposed to 300 mmol/1 glucose for 1 week and treated as above for the detection of sorbitol-containing phospholipids. Lipids contained in silica gel bands 1-10 were reextracted, hydrolysed and analysed by trimethylsilyl or aldonitrile-acetate gas-liquid chromatography as described in in the Materials and methods section.
Examples of the trimethylsilyl gas-chromatograms are shown in Figure 2 . The numbers of the chromatograms correspond to those of the parent silica-gel phospholipid bands identified in Figure 1 . A water soluble compound that co-eluted with sorbitol was identified only in the sample from band 4. These two experiments demonstrate that a novel phospholipid formed from phosphatidylcholine, sorbitol and peanut PL-D in vitro liberates a water-soluble compound cochromatographing with sorbitol upon re-exposure to peanut PL-D; thus the behaviour of this novel compound, phosphatidylsorbitol, is consistent with a transphosphatidylation product of phosphatidylcholine and sorbitol, with one of the six hydroxy groups of sorbitol in presumed phosphodiesteric linkage with the diglyceride moiety. Figures 3 and 4 indicate that this putative transphosphatidylation occurs in a time-and concentration-dependent fashion. Figure 3 illustrates the time-dependent accumulation over 4 h of the thin layer chromatography resolved reaction product in crude ("-column") and columnfractionated ("+ column") extracts. In Figure 4 , ex- 
Transphosphatidylation of other polyols and glucose.
The incubation of saturated aqueous solutions (at room temperature) of galactitol, mannitol and glucose with phosphatidylcholine and peanut PL-D under the conditions described above yielded phospholipids with chromatographic characteristics similar to that of phosphatidylsorbitol (Fig. 5) . The products of a 10-ml aliquot of incubations with 0.15 mol/1 galactitot, 0.5 mol/1 mannitol and 1.5 tool/1 glucose were fractionated by silicic acid column chromatography and applied to silica gel thin layer chromatographic plates along with a 0.5 ml aliquot from an incubation with 3.0 mol/1 sorbitol. Although an accurate quantitative assay was not performed, glucose consistently formed less presumed transphosphatidylation product than gatactitol, mannitol or sorbitol despite higher substrate concentration and size of sample, suggesting that sugar alcohols have higher activity for transphosphatidylation by peanut PL-D than glucose. 
Phosphatidylsorbitol in RPE.
Lipids extracted from RPE 91 cells exposed to 5 or 20 mmol/1 glucose, or 20 mmol/1 glucose plus the aldose reductase inhibitor sorbinil were purified by column chromatography and separated by silica gel thin layer chromatography using chloroform-methanol-NH 3 which separates phosphatidylsorbitol, phosphatidylserine and phosphatidylinositol. Silica gel regions corresponding to phosphatidylsorbitol standard, phosphatidylcholine, phosphatidic acid and an area containing no detectable bands on thin layer chromatography were scraped, re-extracted, hydrolysed, trimethylsilated and analysed by gas-liquid chromatography. Although lipid-bound sorbitol was not detected in 5 mmol/l glucose, a small but clear sorbitol peak was detected in the 20 mmol/1 glucose condition and incubation with an aldose reductase inhibitor lowered this peak, as illustrated in Figure 7 . No sorbitol was detected in any o f the other areas tested. The recovery rate of c~-methylmannopyranoside as an internal standard was similar in these conditions. In RPE 91 cells exposed to 300 mmol/1 glucose for 1 week and extracted by the same method, gas-liquid chromatography of aldonitrile acetate derivatives yielded a peak in the area of sorbitol, confirming the presence of sorbitol in the phospholipid hydrolysate extracted from glucose-exposed RPE cells using two different gas- These were separated and analysed by gas-liquid chromatography as described in Materials and methods. Arrow indicates the retention time of the sorbitol standard liquid chromatography methods. These observations suggest that a phosphatidylsorbitol-like compound is accumulated in RPE cells exposed to 20 mmol/1 glucose or 300 mmol/1 glucose by an aldose reductasesensitive pathway.
Discussion

PL-D activity catalyses the general reaction:
phosphatidyl-R + R' -OH 6----) phosphatidyl-R' + R -O H When R' = H, PL-D hydrolyses phospholipids, yielding phosphatidic acid and a free polar headgroup (e. g. choline or ethanolamine). In the presence of a primary alcohol, the preferred reaction is transphosphatidylation i.e. displacement of the primary polar headgroup by the primary alcohol [28] . Previous studies have demonstrated that PL-D catalyses the formation of phosphatidylethanol in ethanol-exposed mammalian tissues [13] [14] [15] and it has been speculated that this abnormal phospholipid could alter membrane phospholipid composition and function in ethanol intoxication. Sorbitol, a polyol rather than a primary alcohol, nevertheless could function as a substrate for transphosphatidylation by virtue of its two primary (and possibly its four secondary) hydroxy moieties. The present study demonstrates that sorbitol and phosphatidylcholine in the presence of peanut PL-D yield a novel sorbitol-containing phospholipid by presumed transphosphatidylation similar to that described in the PL-D-catalysed formation of phosphatidylethanol from ethanol and phosphatidylcholine [13] [14] [15] . Although it has been tentatively labelled phosphatidylsorbitol, the chemical structure of this presumed transphosphatidylation product of sorbitol and phosphatidylcholine has yet to be fully characterized. The capacity to undergo transphosphatidylation is not uniquely confined to sorbitol but rather is shared with other polyols of similar molecular weight such as mannitol and galactitol, and perhaps glucose as well. Transphosphatidylation of polyols is not limited to plant PL-D, but rather is shared by mammalian PL-D activity, and would appear to occur in human cells that accumulate sorbitol when exposed to high concentrations of glucose. Incubation of phosphatidylcholine with 3.0 mol/1 sorbitol and peanut PL-D produced a novel sorbitol-containing phospholipid with an Rf value intermediate between that of phosphatidylcholine and phosphatidic acid, thought to be phosphatidylsorbitol.
The minimal concentration of sorbitol in the studies with peanut PL-D was 0.03 mol/1, or about 30-fold higher than the tissue or cellular sorbitol content after exposure to hyperglycaemic concentrations of glucose [4] . Although phosphatidylsorbitol product could not be visualized in thin layer chromatograms from 0.03 mol/1 sorbitol, nanomolar levels of a phospholipid with an Rf identical to phosphatidylsorbitol were detected by the colorimetric phosphorous assay with molybdate, which also indicated that phosphatidylsorbitol formation followed a nearly linear increase with sorbitol concentration over the range 0.03-3.0 mol/1 sorbitol (data not shown). This observation suggests that phosphatidylsorbitol could be increased over the range of sorbitol concentration associated with physiological hyperglycaemic. Moreover, the demonstration that mammalian as well as plant PL-D catalyses transphosphatidylation of sorbitol, and that a phosphatidylsorbitol-like compound accumulates in RPE 91 cells exposed to 20 mmol/1 glucose by an aldose reductase inhibitor-sensitive mechanism supports the potential pathophysiological relevance of phosphatidylsorbitol to diabetic complications.
Glucose-induced sorbitol accumulation has been implicated in the pathogenesis of various chronic complications of diabetes including neuropathy, retinopathy, nephropathy, cataract formation, and micro-and macrovasculopathy [29] . Despite the more than three decades that have elapsed since sorbitol accumulation was first described in the cataractous lenses of diabetic rats [30, 31] , the overall importance and the details of the biochemical link between sorbitol pathway activity and diabetic complications remain clouded, although aldose reductase inhibitors are now utilized for the treatment of diabetic complications in many countries. Increased metabolism of glucose to sorbitol by aldose reductase is implicated in selective depletion of intracellular myo-inositol pools, which in turn appears to limit the synthesis of phosphoinositides involved with membrane function including Na/K-ATPase regulation, and signal transduction [2-4, 6, 7, 32, 33] . The nature of the relationship between sorbitol accumulation and myo-inositol depletion is complex and controversial, but perhaps most easily placed into perspective by the currently emerging view that these two compounds function as alternative intracellular osmolytes, such that elevation of one produces depletion of the other [1] . Similarly complex and controversial is the role of intracellular rnyo-inositol depletion in the modulation of phosphatidylinositol synthesis. Recent studies in RPE 91 cells suggested the presence of multiple intracellular metabolic pools of myo-inositol, depletion of which had varying effects on the rate of phosphatidylinositol synthesis [4] . However, sorbitol, added to the incubation medium at a concentration of 10 mmol/1, appeared to independently inhibit the phosphatidylinositol synthase reaction in myo-inositol depleted cells [4] by an unknown mechanism. Although effects linked to the subsequent oxidation of the added sorbitol to fructose by sorbitol dehydrogenase provide a possible explanation [9] the speculation that transphosphatidylation of sorbitol might also contribute cannot be excluded, although lipid-bound sorbitol could not be detected under these circumstances by gas-liquid chromatography (NakamuraJ, Greene DA, unpublished observations). Whether incorporation of sorbitol-derived phospholipids into membrane structures could have effects on other membrane-associated enzymes or functions remains to be determined.
In summary, PL-D from plant and mammalian sources appears to possess the ability to incorporate sugar alcohols, and to some extent, sugars themselves, into membrane phospholipids by a presumed transphosphatidylation reaction. This reaction may provide a novel link between disorders of carbohydrate and sugar alcohol metabolism such as diabetes and alterations in membrane composition or function or both. 
